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Abstract

We present in situ observations of hydrocarbon formation via carbonate reduction at 

upper mantle pressures and temperatures.  Methane was formed from FeO, CaCO3-calcite 

and water at pressures between 5 and 11 GPa and temperatures ranging from 500 to 

1500°C.  The results are shown to be consistent with thermodynamic calculations of the 

relevant chemical reactions based on the thermochemical models and ab initio theory.  

The study demonstrates the existence of abiogenic pathways for the formation of 
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hydrocarbons in the Earth’s interior and suggests that the hydrocarbon budget of the bulk 

Earth may be larger than conventionally assumed.

Understanding the speciation of carbon at the high pressures and temperatures 

that prevail within the Earth has a long and controversial history. It is well known that 

terrestrial carbon exists in several forms: native, oxidized, and reduced in a wide variety 

of hydrocarbons.  This complexity is demonstrated by many examples: diamonds in 

kimberlite formations; graphite in metamorphic rocks; CO2 emission from volcanoes; 

ubiquitous carbonate minerals in the crust; methane hydrates on the ocean floor; and 

petroleum reservoirs in sedimentary basins. Of particular interest is the stability and 

formation of reduced species such as methane and heavier hydrocarbons. The stability, 

formation, and occurrence of methane under low pressure conditions of the Earth’s crust 

are well-established.  Recently, methane and C2-C4 alkanes have been documented to 

occur in many locations for which isotopic evidence points to an abiogenic origin (1, 2), 

and it has been shown that nickel-iron alloys can catalyze the formation of CH4 from 

bicarbonate at conditions relevant to the upper crust (3).  Yet the evidence is considered 

to rule out a globally-significant abiogenic source of hydrocarbons (2). In contrast, 

theoretical calculations and experimental data have been presented in support of a 

persistent assertion that petroleum originates chiefly through abiogenic processes at the 

high pressures and temperatures found below 100 km (4).  The experiments, extending to 

5 GPa and 1200 °C, involved mass spectroscopic analysis of quenched samples and 

found methane and smaller amounts of C2-C6 hydrocarbons.  We report here the first in 

situ high P-T experiments to show that methane readily forms by reduction of carbonate 

under conditions typical for the Earth’s upper mantle. The results may have significant 

implications for the hydrocarbon budget at depth in the planet.

Many factors are known to control the stability of carbon-bearing phases in the C-

O-H system including pressure, temperature, C/H ratio and oxidation state, and it has 

long been appreciated that the relevant species in this system are C, O2, H2, CO, CO2, 

CH4, and H2O (5).  At low pressures this system is well understood, and available 

thermodynamic databases can accurately predict phase stability. For example, studies of 
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the C-O-H system in relation to crustal fluids and fluid inclusions have been carried out 

using well-established techniques (5, 6). Notably, theoretical modeling is both 

thermodynamically and observationally consistent at pressures less than about 1 GPa (7); 

however, at higher pressures the system is poorly constrained (8), and little experimental 

work has been done to investigate equilibria between various carbon phases under the 

high pressure conditions of the upper mantle. In particular, previous experimental and 

theoretical work has shown that methane may be an important fluid phase at pressures of 

up to 1 GPa and low oxygen fugacities. It has been shown that methane may be the 

dominant C-bearing fluid phase at substantially reducing conditions (6), and that 

meteorite hydrocarbons can be formed by the thermal decomposition of FeCO3-siderite 

(9).  The importance of pressure is straightforward as it increases by ~1 GPa (10 kbar) for 

every 30 km of depth in the Earth. Kimberlite eruptions, for example, typically come 

from depths near 150 km (5 GPa). Higher-pressure work has been completed on the 

effects of various species in the C-O-H system on the melt characteristics of mantle 

minerals (10, 11), but this does not directly assess the stability of carbon-bearing phases. 

We have conducted in situ high P-T experiments specifically designed to detect 

methane formation under geologically relevant conditions for the Earth’s upper mantle. 

Starting materials were natural CaCO3–calcite, FeO–wüstite, and distilled H2O.  

Experiments were conducted using new diamond anvil cell (DAC) techniques: 

simultaneous high pressure and high temperature conditions were produced by both 

resistive (12) (T<600°C) and laser heating (T>1,000°C) methods.  We utilized three 

different laser heating systems, including both single- and double-sided and both CO2 and 

Nd-YLF lasers (13, 14).  In situ analyses were made by a combination of Raman 

spectroscopy, synchrotron x-ray diffraction, and optical microscopy. In situ Raman 

spectroscopy proved essential because of its high sensitivity for the C–H stretching 

vibrations diagnostic of molecular species; it was also useful for examining amorphous or 

poorly crystalline phases. The synchrotron x-ray diffraction provided a means to identify 

crystalline phases and help determine the reactions. Both techniques allow precise spatial 

resolution for probing 5-10 µm diameter regions of the sample chamber; this was of 

particular importance for these experiments due to the heterogeneous nature of the 

samples. 
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Representative Raman spectra exhibiting the presence of bulk methane from two 

experiments are shown in Fig. 1.  Both spectra are dominated by the broad O-H 

stretching vibration of H2O, but clearly indicate the presence of a hydrocarbon species 

with a C-H stretching vibration near 2950 cm-1. For both experiments, a molar ratio of 

8:1 (FeO: calcite), excess H2O, and a mean grain size of ~1 µm was used for starting 

material. For example, as seen in Fig. 1a, hydrocarbon-rich regions are found after laser 

heating at ~1500°C at 5.7 GPa.  The hydrocarbon is clearly identified as methane based 

on the sharp band at 2972 cm-1 matching the position of bulk methane at this pressure 

(15).  The broad feature near 3200 cm-1 is due to O-H stretching in ice VII (16).  This 

sample exhibited considerable heterogeneity; Raman measurements of laser-heated 

experiments were typically challenging because after heating the samples were fine-

grained, fluorescent, and a layer of opaque material across the diamond surface often 

obscured the interior of the sample chamber from optical measurements.  It is important 

to note that the diamond anvils do not show evidence of reaction with the sample 

material.

We have found that the extremely high temperatures of laser heating are not 

necessary for methane formation.  The spectrum in Fig. 1b was collected in situ at 600°C.  

Resistive heating was initiated at 5.1 GPa, and the temperature was ramped at a rate of 

50°/minute.  The C-H stretching band was apparent by 500°C, becoming very strong by 

600°C.  This spectral feature was ubiquitous in the sample chamber.  The O-H stretching 

vibration at 3475 cm-1 is due to the liquid phase of H2O. Indeed, it appears that methane 

formation proceeds much more readily in the lower temperature experiments.

In situ synchrotron x-ray diffraction was used to constrain the principal reaction. 

The possible reactions include the following:

8 FeO + CaCO3 + 2 H2O  = 4 Fe2O3 + CH4 + CaO (1)

9 FeO + CaCO3 + 2 H2O  = 3 Fe3O4 +  CH4 + CaO (2)

Figure 2 shows powder diffraction from a sample after pressure and temperature quench. 

The one-dimensional pattern is dominated by Fe3O4-magnetite, but weak diffraction lines 
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of another, likely Ca-bearing, phase are present as well. Notably, on the two-dimensional 

detector image from which this pattern was derived, it is clear that these lines are from 

spotty diffraction rings; this indicates a coarsely crystalline nature, and phase 

identification is accordingly difficult.  The presence of abundant magnetite strongly 

favors a reaction such as Eq. (2), but the diffraction data are inconsistent with a 

chemically-simple phase such as CaO or Ca(OH)2, and suggest a calcium ferrite 

chemistry such as CaFe5O7, CaFe4O7, or CaFe2O4.

Additional information was obtained from in situ optical microscopy carried out 

in conjunction with the spectroscopy and diffraction. Indeed, detailed examination of the 

samples as a function of pressure and temperature revealed characteristic changes of 

methane formation.  Most notable was the extensive bubble formation, shown in Fig. 3, 

indicative that accompanied decompression of the samples. Despite the low density of 

bubbles, micro-Raman measurements indicate that they are predominantly methane. 

Figure 3 shows a spectrum from a bubble collected after decompressing a sample that 

was heated at 5.7 GPa; a very weak feature attributable to methane is observed. Also 

significant is the fact that none of our experiments at pressures greater than 10 GPa have 

been successful in producing quality Raman spectra. However, all experiments have 

displayed bubble growth on decompression to pressures below 1 GPa. Therefore, the 

formation of methane may be widespread in the experiments to date, but dispersed 

throughout the sample chamber in low enough concentration that detection is difficult 

until the H2O –ice melts and the two phases separate. 

Further insight into the chemical processes involved in high pressure methane 

production may be obtained through new thermochemical modeling.  Our aim is to 

address the temperature and pressure dependence of the methane forming reaction; 

specifically, it is important to determine if the high-pressure formation of methane is 

indeed favored at lower temperatures, or if this is an experimental artifact (laser versus 

resistive heating).  High-pressure chemical equilibrium was calculated with the Cheetah 

(17) thermochemical code.  The calculations employed a single fluid phase of variable 

chemical composition in equilibrium with several solid phases.  Species in the fluid phase 

were treated with a spherical exponential-6 fluid model.  Species in the solid phase were 

treated with simple or extended Murnaghan equations of state (18); the  Scaled Particle 
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Theory (SPT) / Simplified Perturbed Hard Chain Theory (SPHCT) calculations of 

Kenney et al (4) do not consider solid phases and have a more limited pressure range than 

the Cheetah code.

The following species were considered for the fluid phase: C,H, H2, O, O2, 

O3,Fe,Ca,CaO, CH4,C2H6,C2H4,C2H2,H2O,CO,CO2,CH3OH, and C2H5OH.

The following solid species were considered for the condensed phases: Ca(I), Ca(II), 

CaO(B1), CaO(B2), CaCO3(calcite), CaCO3(aragonite), C(diamond), C(graphite ), Fe, 

FeO(B1), Fe2O3, Fe2O3(II), Fe3O4(magnetite), and Fe3O4(h-phase).  Several liquid phase 

species were also considered in the calculations: Ca, Fe, C, FeO, CaCO3 and CaO. Our 

calculations assumed full chemical equilibrium (i.e., representing a hypothetical 

experiment conducted for an infinite amount of time).  Chemical equilibrium calculations 

are appropriate to the high temperature experiments reported here, where most reactions 

are assumed to be fast compared to the timescale of the experiment.

Figure 4 shows the concentration of species for an 8:1:20 molar ratio of FeO, 

CaCO3, and H2O at 500° C.  Hydrocarbons are found for pressures lower than 8 GPa.  

This suggests that the experimental weakness of the Raman signature of methane at high 

pressure is due to a shifting chemical equilibrium, in addition to the phase separation 

observed.  The only hydrocarbon species with significant concentration is CH4.  Its 

concentration is substantial for pressures up to 2 GPa.  Molecular hydrogen is predicted 

to accompany CH4. Hydrogen dominates at low pressures, while the hydrogen and CH4

concentrations become comparable at pressures over 1 GPa. Hydrogen is formed in our 

calculations from the breakdown of FeO:

3FeO + H2O = Fe3O4 + H2 (3)

The varying H2 concentrations are due mostly to the equilibrium of reaction (3).  In 

calculations of a 4:10 molar mixture of FeO/water at 500º C, we find that decomposition 

is nearly complete at low pressures, while at pressures over 5 GPa almost no 

decomposition (and concomitant production of hydrogen) is found.  Although we have 

not detected H2 experimentally, it may be dispersed at a concentration below our 

detection limit, or it may react with and enter the gasket material. 

The calculations predicted that the concentrations of CaO and CH4 were nearly 

equal at 500º C, suggesting the following decomposition mechanism for CaCO3:
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4H2 + CaCO3 = CH4 + CaO + 2H2O. (4)

Carbon in the form of graphite or diamond is not predicted to form at 500º C at any 

pressure considered.  Calcite is predicted to convert to aragonite at pressures over 1 GPa.  

Aragonite and FeO are predicted to be stable to decomposition at pressures over 7 GPa. 

Our calculations show that methane production is disfavored at higher 

temperatures.  Figure 4b shows the concentration of species for the mixture at 1500º C.  

In this case the CaO concentration is found to be nearly equal to the CO2 concentration.  

This is in contrast to the calculation at 500º C, where the CO2 concentration was 

negligible.  The results indicate the following decomposition mechanism

CaCO3 = CaO + CO2. (5)

If we subtract the high-temperature mechanism (5) from the low-temperature mechanism 

(4), we are left with the well-known methane reforming reaction:

4H2 + CO2 = CH4 + 2H2O. (6)

Significant quantities of CO associated with partial oxidation in the reforming reaction 

are also found at higher temperatures as shown in Fig. 4b. High temperatures favor H2

and CO2, while lower temperatures favor CH4 and H2O.  In calculations of a 10% molar 

ratio of H2O to CO2, we find that methane formation is favored under 1200º C at 1 GPa, 

while H2 formation is favored over 1200º C.  In Figure 4b the concentrations of magnetite 

and H2 are nearly equal at 1500º C, indicating the dominance of reaction (3).

Chemical equilibrium calculations on a representative 1:10 molar mixture of CH4

and H2O were also performed with the CHEQ thermochemical code (19) to determine if 

fluid-fluid phase separation is thermodynamically favored at the experimental conditions.  

The CHEQ code does not include the solid phases considered in the Cheetah modeling, 

but has the ability to determine chemical equilibrium between several mixed fluid phases.  

The major fluid species allowed were the same as in the Cheetah code. The results 

indicate that a separation into CH4-rich and H2O-rich phases should be favored at all 

pressures for temperatures less than ~700º C, while at 1500º C pressures of more than 

~23 GPa are predicted to be necessary to induce phase separation.  These results are in 

agreement with the formation of methane bubbles that we observe upon decompression 

and cooling to room temperature of the diamond anvil cell.
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The results of our in situ experiments and thermochemical modeling differ 

markedly from those obtained by quenching (4), which found the yield of methane at 4 

GPa from FeO + CaCO3 + H2O was very small at 600 °C and below but climbed steadily 

up to 1200 °C.  The previous thermochemical calculations (4) do not pertain to this 

experimental reactant mixture but rather treat the formation of higher hydrocarbons from 

an assumed supply of methane.

In conclusion, we present the first in situ observations of methane formation at the 

high pressures and temperatures of the Earth’s upper mantle.  Methane is expected to 

form inorganically from any carbonate species, such as FeCO3-siderite or MgCO3-

magnesite, in the presence of H2O at oxygen fugacities near the wüstite-magnetite fO2

buffer.  Such conditions may be widespread in the mantle, and can be moderated by the 

presence of iron-bearing phases such as Fe2SiO4-fayalite, FeS-troilite, or accessory 

minerals such as FeCr2O4-chromite and FeTiO3-ilmenite. Thermochemical calculations 

show that methane production is thermodynamically favorable under a broad range of 

high pressure-temperature conditions.  The calculations indicate that methane production 

is most favored at 500ºC and pressures less than 7 GPa; higher temperatures are expected 

to lead to CO2 and CO production through a reforming equilibrium with methane.  The 

experimental results indicate the methane stability field is significantly expanded at high 

pressures.  These results have broad implications for the hydrocarbon budget of the 

planet, and indicate that methane may be a more prevalent carbon-bearing phase in the 

mantle than previously thought, with implications for the deep hot biosphere (20).  The 

potential may exist for the high-pressure formation of heavier hydrocarbons using 

mantle-generated methane as a precursor.  

Experimental

Diamond anvil cells with anvil culets ranging between 350–700 µm in diameter were 
used. Sample chambers were constructed by drilling a hole approximately 70% of the 
culet diameter into an initially 260 µm thick spring steel foil which was used as a gasket 
material; the gaskets were pre-indented prior to drilling to a thickness of about 60 µm. 
Pressure was measured by use of the ruby fluorescence technique (21). CO2 and double-
side Nd-YLF laser heating experiments and Raman scattering and optical microscopy 
analyses were performed at the Geophysical Laboratory (13, 14). Pyrometry was used to 
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determine sample temperature in selected runs. The x-ray measurements and double-
sided Nd-YLF laser heating were performed using the HPCAT facilities of APS 
(Advanced Photon Source, Argonne National Laboratory). 
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Figures and Captions

Figure 1: Typical Raman spectra from the heating of FeO, calcite and water near 5 GPa.  

The broad O-H stretching vibration of ice VII or liquid water near 3200 cm-1 is 

ubiquitous in these H2O-rich samples.  (a) Raman spectrum produced by heating FeO, 

calcite and water to 1500°C at 5.7 GPa.  In isolated regions methane is the dominant 

Raman-active component. (b) A spectrum produced after resistively heating to 600°C and 

a decrease in pressure to ~2 GPa; the production of methane is clearly indicated by the C-

H stretching vibration at 2932 cm-1.
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Figure 2:  Temperature and pressure quenched X-ray diffraction pattern after external 

heating to 600° C at 5 GPa.  Fe3O4-magnetite dominates the spectrum; weak lines suggest 

a Ca-Fe oxide. 
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Figure 3: Raman spectra of low-pressure bubbles (shown on right) formed upon 

decompression to approximately 0.5 GPa after laser heating at 5.7 GPa.  Note the absence 

of O-H stretching vibrations because the bubble has displaced the surrounding H2O. 

Bubbles are visible near the bottom, left side, and slightly right of center. 
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Figure 4:  Results of thermochemical calculations. Concentrations at (a) 500º C and (b) 

1500º C.  CH4 is predicted to be prevalent at temperatures below 1200º C, but H2 is 

expected to become dominant at higher temperatures.


